While 3D seismic data become widespread and the datasets get larger, the demand for automation to speed up the seismic interpretation process is increasing as well. However, the development of intelligent tools which can do more to assist interpreters has been difficult due to low information content in seismic data. In this paper, we present an image processing method in which a-priori geological knowledge is incorporated to correlate horizons across faults. Our new method exploits anisotropic spatial correlation of horizons for robustness and aims at developing an interpreter friendly interactive environment. The results of this method are compared with previously proposed methods.
INTRODUCTION
Seismic images are pictures of underground structures. They are obtained by sending seismic waves from a surface and recording the reflected signals due to changes in acoustic impedance of underground layers. Three dimensional seismic data are a sequence of slices, which image cross-sectional layers at different depths [4] .
Interpretation of faults and horizons are the backbone of seismic data interpretation. Horizons are layered rocks which are created through a long time sedimentation process. A faulting process cuts and displaces horizons. Accordingly, faults are identified in seismic data as lateral discontinuities of horizons. Unless erosion occurred, the faulted horizons usually have their corresponding part on the other side of the fault. The correspondence analysis between horizons across a fault is important for describing a fault throw function, which influences exploration decision. Thus, correlation of horizons across faults is an indispensable task of seismic interpretation.
Seismic data interpreters locate faults as lines from horizon discontinuities on seismic slices [3] . Horizon are then connected across faults on the basis of reflection character and geological reasoning. Interpreters evaluate their correlation decision on 2-d slices (see fig. 1 ). The 3-d nature of the data set can be appreciated only if a sequence of slices is displayed. This is done frequently as the information from a single slice is often inconclusive. Identification of the geological features in seismic sections by an interpreter is time consuming and subjective. The main focus of our research is developing a computerbased methodology for correlation of horizons across faults. Expected outcomes are to reduce the time-consuming manual task, and to avoid the uncertainties associated with fault interpretation by providing a repeatable and robust seismic data analysis tool.
PREVIOUS WORKS
Partial automation success has been achieved in horizon tracking by autotrackers, which track horizons between faults by extending manually selected seismic traces based on local similarity measures [4] .
Fault interpretation is more difficult as it involves detection of faults and correlation of horizons across faults. Our main concern here is the horizons correlations. We are aware of only two works, which directly deal with the correlation across a fault. The first is by Aurnhammer [2] who mentions that matching using solely seismic patterns is infeasible and proposes a model-based scheme for matching horizons at normal faults in 2-d seismic images. Welldefined horizons segments on both sides of the fault were extracted and matched based on local correlation of seismic intensity and geological knowledge. However, a pure 2-d approach lacks efficiency and is suitable only if the information of the 2-d seismic slice is sufficient for evaluation of the geological constraints. The second is from Admasu et. al. [1] who introduce a multi-resolution continuous horizon correlation scheme where the correlation task is formulated as a non-rigid continuous point matching between the two sides of the fault. It has the advantage that it does not require all horizons to be well-defined. However, it is computational expensive and not sufficiently robust with respect to noise and artifacts in seismic data. Besides, interactions from nearby faults distort the global fault displacement model which was computed at the very coarse level.
In this paper, we present a novel method, which strives for exploiting existing 3-d spatial relationships in the data directly for robust data analysis. We emphasis definitions of horizons at different discrete levels so that strong horizons signals give guidance for matching the weaker horizons signals.
DATA REPRESENTATION
Depth-converted seismic data can be represented as 3-d scene S = (V, F ), where V is the set of all voxels, c, in the data. c = (x, y, z) denotes the coordinates of any voxel. x and y span the cross sectional area covered by the seismic survey while z spans the depth. F is a function that assigns to every voxel cεV seismic attributes vector F (c).
Horizons are represented as topological surfaces in the 3d seismic data [6] . A fault is a 3d damage zone on the layers of horizons. A fault plane is a regression surface that fits the damage zone.
PROBLEM REPRESENTATION
We restrict ourself to correspondence analysis across a single normal fault surface. Normal faults are the most common fault types where one side of the fault block (hangingwall) moves down relative to the other side (footwall). Furthermore, we assume that the fault plane, τ , is already given and defined as τ (x, y, z) = 1, where (x, y, z)εV .
We define a mapping process which transforms the seismic data into a horizon and fault patch dependent coordinate system (see fig. 2 ).
Consider (hx, hy) as a point on the fault plane coordinate system, and let (xh, yh, zh) represents such point in respect to S with τ (xh, yh, zh) = 1. 
where ) ) is a vector of seismic complex attributes which are computed from the Hilbert transform of the data. g fi defines the trend surface for a footwall horizon at depth level i, and 0 < g f 1 < g f 2 < ... < g fm . a i,j are weights for the integration. φ means null vector. Similar definition follows for the hangingwall by replacing the subscript f by h. Then, the horizons correlations consist of finding optimal matches between H f and H h .
Fig. 2.
A fault patch is mapped onto two 2-d planes.
HORIZON CORRELATION AS A LABELLING
The horizon correlation problem can be seen as a registration or stereo correspondence problem between the two feature plane images mapped from a fault patch. However, the application of classical stereo correspondence or registration algorithms to perform correspondence between the feature images is not feasible due to little intensity information to guide the utilization of optical flows and presence of local distortions.
We define the horizon correlation as a labelling problem in which H f serves as sites while H h serves as labels. The correlation problem may then be solved within a MAP-MRF framework advocated by Geman and Geman [5] . The labelling function, ζ, is defined as
where Φ represents not-horizons regions and is assigned to sites where there are no corresponding labels from H h . This is where some horizons on the footwall do not have matches on the hangingwall due to lacking data.
Each site is considered as a random variable, and the labelling as events. When the sites have some labelling assigned to them, we have a configuration T such that T = {(i, j) : iεH f ∧ jεH h ∪ {Φ}}. However, the admissible labels may not be common to all sites due to the geological constraints that horizons must not cross each other. Furthermore, offsets have only one direction as we deal with normal faults. These impose constraints on the search for wanted configurations.
As it was pointed out before in [2] [1], we can not rely only on the seismic information to solve the correlation task. It needs to be guided by a-priori knowledge of displacement patterns on the fault surface. Therefore, we need an objective function which maps a candidate configuration solution to a real number measuring the quality of the solution in terms of seismic similarity as well as geological knowledge. Such objective function ξ is defined as follows.
where α, β, and γ are weights for balancing, and
where cross corr cof is cross correlation coefficient between horizons H fi and H hj . The cross-correlation technique has been already successfully used before by [2] [1] to measure the similarity between seismic signals. Its strength comes from its ability to measure linear relationships of the seismic features.
where D i,j , is the set of offsets of hanging wall horizon j from footwall horizon i for a given configuration T , and rε {(hx, hy) : H fi (hx, hy) = φ}. D T is an ideal fault throw function proposed by Walsh et.al. [7] :
where nr = (R − r)/W such that R is the fault center, W the width of the fault, and d T max is a maximum displacement on the fault surface. E c measures a priori smoothness.
The solution for the horizon correlation is a configuration T max , which maximizes the value of the objective function of equation 2. Geman and Geman [5] provide a proof for such claim, assuming MRF distribution. Since searching for T max is not trivial due to the non-linearity and many local maxima, we use a simulated annealing search optimization technique.
EXPERIMENTS AND RESULTS
We have conducted experiments to test our hypotheses that the lateral horizon's homogeneity leads to more robust correlation, and we compare the results with the techniques introduced before.
Fault patches were isolated from seismic data, which consist of large numbers of faults and fault systems. Each isolated fault patch contains a fault surface with seismic sections on the two sides of the surface. The seismic sections were considered to be displaced only under the influence of this single fault surface. The identification of the fault surface was done semiautomatically as follows.
Fault features were highlighted on seismic slices by applying a set of log-Gabor filters at different orientation and different scales. A fault line was drawn on a slice to depict the fault to be tracked. Then starting from this line, a fault plane was extracted automatically by propagating and identifying the fault lines in the successive inline slices using orientation constraints and linear regression of the filter responses of log-Gabor filter.
From each side of the fault plane, seismic features were projected along the horizons' orientations onto the fault plane as described in section 4. The trend surfaces were determined by gradient structure tensor (GST), a tool to analyze local structure in images [3] . GST ( S S t ) models the seismic section at sides of the fault as being locally planer and yields an estimate of the orientation of the structure. Then, the orientation estimation was used to steer the integration of the seismic features. The coefficients were from a gaussian kernel. As the fault plane was only an approximation of the 3d fault region, seismic information is distorted at locations close to the fault plane. To correct for this, integration along the horizon was started at a five pixel distance from the fault plane.
The simulated annealing procedure was set up for maximizing the objective function at equation 2. The parameters were fine tuned for converging to optimal correlation solutions. Then, tests were conducted by varying the lateral extents of the fault plane. The increments in lateral extent yield more correct correlation. This was expected as more information is available to make the correlation decision. We have isolated 15 fault patches. Within the context of the individual fault patch, geologically acceptable automatic correlations are obtained on 12 out of the 15 fault patches. The rejections of the 3 fault patches are mainly due to mismatched horizons at deeper location where the seismic horizon definitions deteriorate and so affect the similarity measures. We compare our method with previously proposed methods.
Aurnhammer [2] introduces a method, which extracts discrete prominent horizon segments on 2d slices and find matches between them. The method works only if there is enough information on 2d seismic section and also tends to left a large number of horizons unmatched. Fig. 3 compares this method's result with ours. For comparison, we selected the same slice and fault used in [2] . Our method outperforms due to the smoothness constraints, which imposes a continuity on the correlation as well as the integrations of seismic data which serves more information and as noise repression. Another method, which treats the horizon matching as a non-rigid continuous image registration, is proposed by Admasu and Toennies [1] . This method was able to find satisfactory correlations only for 8 fault patches out of the 15 fault patches that are used for our test here. Our new method is more robust and faster because it matches segments which have more discriminating features than points (see Fig. 4 ). Furthermore, feature integration and smoothness constraint enable guiding the correspondence analysis in low SNR regions by results from high SNR regions. 
CONCLUSIONS
We have shown that the consideration of the anisotropic spatial correlation of the seismic data provides more robust results. Our current implementation of the method using Matlab takes from 15 to 20 minutes from the fault plane extraction till the correlations result. Further improvement could be achieved, if the simulated annealing procedure is embedded in a multi-resolution framework.
Since the ultimate goal is production, seismic interpretation is done iteratively to get a good reliable and consistent measures of the interpretation. To this end, our new horizon correlation method can take also as input manually picked horizons to make the interpreters interactivity more effective.
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